Recently, magnetic tunnel junctions with perpendicular magnetized electrodes combined with exchange bias films have attracted large interest. In this paper we examine the tunnel magnetoresistance of Ta/Pd/IrMn/Co-Fe/Ta/Co-Fe-B/MgO/Co-Fe-B/capping/Pd magnetic tunnel junctions in dependence on the capping layer, i.e., Hf or Ta. In these stacks perpendicular exchange bias fields of -500 Oe along with perpendicular magnetic anisotropy are combined. A tunnel magnetoresistance of (47.2 ± 1.4)% for the Hf-capped sample was determined compared to the Ta one (42.6 ± 0.7)% at room temperature. Interestingly, this observation is correlated to the higher boron absorption of Hf compared to Ta which prevents the suppression of ∆1 channel and leads to higher tunnel magnetoresistance values. Furthermore, the temperature dependent coercivities of the soft electrodes of both samples are mainly described by the Stoner-Wohlfarth model including thermal fluctuations. Slight deviations at low temperatures can be attributed to a torque on the soft electrode that is generated by the pinned magnetic layer system.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs) are the backbone of modern spintronics. MTJs with a fully epitaxial (001) MgO barrier sandwiched by (001) bcc ferromagnetic electrodes, such as Fe, Co, and CoFe, were first theoretically predicted to show high tunnel magnetoresistance (TMR) of several 100 % as a consequence of the coherent tunneling of ∆ 1 electrons [1] [2] [3] . The experimentally discovered large TMR amplitude of in-plane magnetized MTJs with a crystalline MgO barrier rendered a major breakthrough for these materials 4, 5 . Nevertheless, for memory applications, the interest rapidly changes towards out-of-plane magnetized systems. MTJs with perpendicular magnetic anisotropy (PMA) have several advantages as compared with their in-plane counterparts. Firstly, an increasing density of memory cells on a wafer can be realized since no elliptical shape is required to stabilize the anisotropy direction 6 . Furthermore, the PMA energy is usually much larger than the energy related with the shape anisotropy that can be obtained in planar MTJs, allowing long memory retention at small size 7 . Additionally, for a given retention time, the critical current density to write information by Spin Transfer Torque (STT) switching is strongly reduced, provided that the Gilbert damping remains low enough 8 . However, neighboring MTJs in a memory array as well as the reference layer of the STT-switched MTJ will be magnetically disturbed. This is of major importance since even after a large number of STT switching events the magnetic states of the MTJs do not "creep" either to some intermediate state or completely reverse. One distinct advantage of MTJs with exchange bias (EB) layers is the robustness of the reference magnetization against such perturbation 9 . Although several investigations on MTJs with EB have been reported 4, 10, 11 , the combination of perpendicular MTJs (p-MTJs) with perpendicular exchange bias (PEB) is still challenging. Here, we address this issue by investigating stacks of p-MTJs with PEB using MnIr/CoFe and CoFeB electrodes and varying the capping of the soft electrode.
There are two primary requirements for p-MTJs with PEB from the magnetic respect. Firstly, the pinned part of the junction must have large PEB along with low coercivity (H c ) in order to prevent the simultaneous switching of both electrodes. Secondly, the stacks of the soft and pinned electrode must show high PMA to ensure that the relative orientation of the electrodes' magnetizations can be parallel (low resistance) or antiparallel (high resistance) in the perpendicular direction. Moreover, the bottom part of the junction is preferred for the pinned part, because MnIr acts as an additional seed layer that promotes the (111) texture of the subsequent ferromagnetic layer and therefore higher PMA as van Dijken et al. reported 12 . Although the CoFeB/MgO films directly grown on a MnIr layer exhibit relatively high PEB, one of their major disadvantages is the insufficient PMA. Zhang et al. 13 showed that the introduction of an interlayer of CoFe/Ta at the antiferromagnet (AF)/ferromagnet (FM) interface leads to a large PEB with large PMA. Furthermore, the presence of Boron (B) can influence the stack twofold. Firstly, the crystallization of CoFeB is inextricably connected to the B diffusion within the CoFeB layer and to the neighboring layers. In particular, a high B concentration leads to poor crystallization and consequently to small PMA. On the other hand, the presence of B at the interface of CoFeB/MgO is detrimental to TMR 14 because it suppresses the conductance through the band of ∆ 1 symmetry, which is known to be responsible for high TMR in epitaxial CoFe/MgO/CoFe (001) 15 . Therefore, 17 and MgO films were deposited from elemental and composite targets. The purity of all targets was 99.9% or higher. All samples were annealed at 280
• C for 60 min in vacuum (< 3 · 10 −7 mbar) with magnetic field of 7 kOe applied perpendicular to the film plane, in order to achieve the required coherent (001)-textured bcc crystal structure and induce the PEB.
In the post-annealing procedure the amorphous CoFeB electrodes crystallization starts at the CoFeB/MgO interfaces, templated by the (001) texture in the crystalline MgO tunnel barrier layer 16, 18 . Perpendicular hysteresis loops were recorded using the magnetooptical Kerr effect (MOKE). For simplicity, in the rest of the paper the films Co 40 Fe 40 B 20 , Co 50 Fe 50 and Mn 83 Ir 17 will be symbolized as CoFeB, CoFe and MnIr, respectively. On the annealed samples, circular MTJ pillars with diameters of 120 nm, 140 nm, 240 nm and 480 nm were patterned by e-beam lithography and were etched by Ar-ions until only the Ta/Pd layers remained as common bottom lead. After etching, 150 nm of Ta 2 O 5 were deposited to insulate the MTJs followed by a lift off procedure. In a subsequent patterning process individual gold contact pads were placed on top of each MTJ and a large gold electrode was placed at the edge of the common bottom contact. All measurements were performed by a conventional two probe technique. Additionally, for the temperature dependent experiments we used a closed cycle helium cryostat by Cryogenic Ltd. in a temperature range of 1.8-300 K. In particular, Figs. 1 (a) and (b) illustrate the hysteresis loops of the soft electrodes of MgO/CoFeB/Hf/Pd (red) and MgO/CoFeB/Ta/Pd (green), respectively. Additionally, Figs. 1 (c) and (d) show the corresponding loops of the pinned electrode Ta/Pd/MnIr/CoFe/Ta/CoFeB/MgO (blue). It is worth mentioning that the pinned part of both stacks is composed of the same sequence of materials. Furthermore, the individual films were annealed under the same conditions as the full stack, according to the description in the preparation part. From Fig. 1 is extracted that the soft and pinned electrodes for both samples present strong PMA, while the corresponding pinned ones display an EB field of H ex = −500 Oe. Figure 2 shows the perpendicular magnetic hysteresis loops of the total stack for the Hf (red)-and Ta (green)-capped samples, respectively. The major loops are presented in Figs. 2 (a),(b) while Figs. 2 (c),(d) illustrate the corresponding minor ones. In Figs. 2 (a) ,(b) two distinct magnetic steps are observable which correspond to the soft and the pinned electrode. As it is expected from the individual loops, the full MTJ stacks present an EB field of H ex = −500 Oe, along with PMA. It is crucial to be noted that the EB field is in a direction opposite to the applied field during annealing.
Moreover, for both films (cf. Figs. 2 (c),(d)) we observe a shift of the minor loops with respect to zero magnetic field. This asymmetry of the minor loop in a magnetic hysteresis measurement unveils the dipolar interactions between the soft and the pinned electrode 19 . The coupling strength and character (ferromagnetic or antiferromagnetic) can be determined by the coupling constant J which is calculated by the formula J = µ 0 · H s · M s · t where µ 0 is the permeability in free space, H s is the magnetic shift of the minor loop, M s is the saturation magnetization and t is the ferromagnetic thickness, respectively. It is worth noting that the calculated M s as well as the magnetic dead layer (t DL ) for both samples are determined from a series of films where the thickness of CoFeB in the soft electrode varies. The M s and t DL for the Hf(Ta)-capped samples are extracted to be M s = (1140 ± 13) emu/ccm (M s = (1121 ± 13) emu/ccm) as shown in Fig. 3 (a) and t DL = 0.93 nm (t DL = 0.98 nm), respectively. The obtained values for the M s are in good agreement with previous reports 19 . In addition, the magnetic shift for the Hf(Ta)-capped is identified to be H s = 22 Oe (H s = 20 Oe) and consequently J is extracted to be J = (5.19 ± 0.32) merg/cm 2 (J = (4.53 ± 0.33) merg/cm 2 ) respectively, as visible in Fig.  3 (b) . The positive value of J for both samples reflects the antiferromagnetic character of coupling of both electrodes. It is already reported 20, 21 that the alignment of the magnetizations of two ferromagnetic layers separated by a non-magnetic spacer prefers such type of antiferromagnetic coupling when the PMA in the system is relatively large, which promotes the magnetic volume charges (MVC) to have a dominant contribution at the determination of coupling between the two ferromagnetic layers. In particular, a relatively strong PMA may reduce the contribution of magnetic surface charges which favor the ferromagnetic coupling while at the same time promotes the MVC which introduce strong antiparallel coupling between the ferromagnetic layers.
A further characteristic to be pointed out is the difference between the PMA of the soft electrodes of both samples. Figs. 3 (c),(d) show the anisotropy fields H K and the uniaxial magnetic anisotropy energy density K u , for both samples. H K corresponds to the minimum field strength applied perpendicular to the easy axis that is able to force the magnetization to become perpendicular to the easy axis. The K u is calculated from
where K is the perpendicular anisotropy energy density, K b is the bulk crystalline anisotropy, K s is the interfacial anisotropy and t CoFeB is the corresponding thickness of the CoFeB layer. The term Ks tCoFeB corresponds to the K u for each sample and K b is extracted to be negligible. Consequently, the larger K u and H K values for the Hf-capped sample reflect the significantly larger PMA of the soft electrode compared to the one capped with Ta. This behaviour is in agreement with previous investigations of Hf-and Ta-capped CoFeB/MgO stacks 23 and can be attributed to the fact that Hf is a better B absorber than Ta. Furthermore, Hf promotes the crystallization of CoFe(B) in the bcc structure with (001) texture, which consequently leads to substantially higher PMA of the soft electrode. From similar loops at several bias voltages we calculated the TMR ratio illustrated in Fig. 4 (c) . After evaluating the results for six MTJ's an average TMR value is presented in Fig. 4 (d) for V bias = 10 mV, for both samples. Clearly observed, the Hf-capped sample has higher TMR ratio (47.2 ± 1.4)% compared to the Ta one (42.6 ± 0.7)% at RT. This is consistent with the claim of J. D. Burton et al. 15 that the presence of B at the CoFeB/MgO interface, suppresses the coherent tunneling in the ∆ 1 band, leading to the reduction of TMR. Thus, preventing the presence of B at the interface should enhance the TMR in these junctions. Moreover, this is in agreement with the fact that Hf is a better B absorber material than Ta, which can be, e.g., concluded from the calculated values of metal Boride enthalpies 16 . The predicted formation enthalpies 24 of Hf (Ta) borides that may be anticipated within a typical MTJ are ∆H HfB = −95 kJ/mol, (∆H TaB = −78 kJ/mol), ∆H Hf2B = −67 kJ/mol, (∆H Ta2B = −56 kJ/mol), ∆H HfB2 = −95 kJ/mol, (∆H TaB2 = −83 kJ/mol), respectively. This underpins that Hf will lead to a stronger absorption of B than Ta. 
where T B is the blocking temperature and H c0 is the coercivity at 0 K. The extracted fitting parameters for the Hf (Ta)-capped samples are: H c0 = (1.88 ± 0.14) kOe (H c0 = (1.84 ± 0.10) kOe) and T B = 318.4 K (T B = 289.2 K), respectively. For both samples, the experimentally observed values for H c are in reasonable agreement with the values predicted by Eq. (2). However, some slight deviations are observed especially at low temperatures. One reason could be the interaction of the soft electrode with the reference system that is also temperature dependent and prefers the antiparallel state, thereby adding an extra torque to the soft layers' magnetization. Another option is a magnetization reversal via domain wall nucleation and movement, that could induce an exponential dependence of H c on T. If only one or more mechanisms are responsible for the experimental results will be investigated in further experiments.
IV. CONCLUSION
In summary, we investigated the magnetotransport properties of p-MTJs with PEB stacks Ta/Pd/IrMn/CoFe/Ta/CoFeB/MgO/CoFeB/Hf/Pd and Ta/Pd/IrMn/CoFe/Ta/CoFeB/MgO/CoFeB/Ta/Pd. The Hf-and Ta-capped stacks showed a PEB of H ex = −500 Oe along with PMA having TMR values of (47.2 ± 1.4)% and (42.6 ± 0.7)% at RT, respectively. The larger PMA and TMR values, for the Hf-compared to the Ta-capped sample were attributed to the enhanced B absorption of Hf. Additionally, the temperature dependence of the H c of the soft electrodes was described by the Stoner-Wolfram model while the observed slight deviation from the model for both samples was interpreted qualitatively by an additional torque from the interactions occurring between the AF/FM double layer and the soft electrode.
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